Abstract: This paper proposes a meta-surface for a miniaturized unit cell that consists of a double-layered Frequency Selective Surface (FSS) and the ground plane. Additional miniaturization of the unit cell is achieved by sliding one layer of the double-layered FSS in the polarization direction of an incident wave. Moreover, the unit cell becomes smaller than half the size of a conventional single-layered meta-surface by using the double-layered FSS. Keywords: meta-surface, AMC, PMC, FSS, double-layered FSS Classification: Antennas and Propagation 
Introduction
A meta-surface that realizes controlled distributions of a reflection phase has been studied [1] . A meta-surface that reflects an electromagnetic wave without phase rotation at a specific frequency is called an Artificial Magnetic Conductor (AMC). A low-profile and high-gain antenna is realized by using an AMC reflector [2, 3] .
A meta-surface can be constructed easily by placing a frequency selective surface (FSS) on the ground plane [4] . The FSS is a planar structure that realizes filtering characteristics such as the low-pass and band-pass and is constructed by arranging metal elements periodically at short intervals [5] . The unit of the periodic structure is called a unit cell.
In the application of a reflector of antennas, the unit cell must be small to enable flexibility in placing the reflector, and preventing antenna characteristics from deteriorating [6] .
We propose a meta-surface structure using a double-layered FSS to miniaturize a unit cell [7] . In addition, further miniaturization of the unit cell is achieved by sliding one layer of the double-layered FSS in the polarization direction of an incident wave. The dependence of the miniaturization effect on the polarization of an incident wave is also clarified. Moreover, the unit cell becomes smaller than half the size of the conventional single layered meta-surface by using a double-layered FSS.
2 Proposed structure of meta-surface using double-layered FSS Fig. 1 shows the structure of the meta-surface using a double-layered patch-type FSS. The meta-surface consists of the double-layered patch-type FSS and ground plane. The structure is determined by four parameters: the unit cell size of the FSS p, the patch length l, the distance between the FSSs t, and the distance between the lower FSS and ground plane h. Here, the single layer of the FSS (FSS-2) is stationary, and the other FSS layer (FSS-1) can slide. The slide distances along the x and y directions are labeled as d x and d y , respectively. The state at which each metal element of the FSS overlaps completely, as shown in Fig. 1 The slide distances d x and d y are 0. The meta-surface using the single-layered FSS is constructed by removing the upper FSS, FSS-1, shown in Fig. 1 . The frequency is normalized by f 0 . In other words, the frequency with the reflection phase value equals 0°in the meta-surface when using the single-layered FSS. When the frequency with a reflection phase of 0°is focused, the solid line appears in a lower frequency. Reducing the frequency means that the unit cell of the metasurface is miniaturized electrically.
A case involving relative sliding on the other surface of the FSS is also discussed. Here, this surface is assumed to slide along the x direction only. The relationship between the slide distance d x and the frequency with a reflection phase value equal to 0°is shown in Fig. 2(b) . The horizontal axis is used to denote the slide distance along the x direction. Here, the slide distance in the y direction is fixed at d y ¼ 0:0. The vertical axis is the frequency with a reflection phase of 0°f PMC . The solid and dotted lines show corresponding results in cases where the Fig. 1 . Structure of meta-surface using double-layered FSS incident wave is polarized along the x and y axes, respectively. The miniaturized effect of the unit cell size is varies based on the polarization direction. When the polarization direction corresponds to the slide direction of FSS-1, the reflection phase characteristics are affected by the slide distance. This is because the variation in the structure caused by sliding FSS-1 is observed by means of electricity. In addition, we demonstrate that the frequency with a reflection phase equal to 0°a ppears in the lowest frequency side, that is, at d x =p ¼ 0:5. However, when the polarization crosses to the slide direction of FSS-1, the reflection phase is unaffected because the variation of the structure is invisible. Based on the aforementioned phenomenon, we demonstrate that the structure, as shown Fig. 2(b) , can be used to obtain the miniaturized effect in both polarizations.
Miniaturized effect of unit cell by distance between FSSs
The frequency with a reflection phase of 0°appears at the lower frequency side. This means that the unit cell of the meta-surface is miniaturized electrically. We clarify the effect of the distance between FSS-1 and FSS-2 on the frequency with a reflection phase value of 0°. Here, the meta-surface uses the double-layered FSS, and the slide distances d x =p and d y =p are 0.5. Fig. 3 shows the effect of the unit cell size p of the meta-surface and distance t between the FSSs on the frequency with a reflection phase value of 0°. The vertical and horizontal axes denote the variables p and t, respectively, and the color indicates f PMC . When red, f PMC is the same frequency with when the meta-surface uses a single-layered FSS. Thus, we demonstrate that the unit cell becomes smaller than half the size of the unit cell when a single-layered FSS is used. Even if the unit cell size is changed, the reflection phase can be 0°at the same frequency by setting the appropriate distance between the FSSs. We show that the miniaturization of the meta-surface is designed by setting the distance between the FSSs as short as possible.
Conclusion
A meta-surface using a double-layered FSS was proposed. We showed that an electrical miniaturization of the unit cell size of the meta-surface was possible by using double-layered FSS and by sliding one side in relation to the other. In addition, we clarified that the miniaturization effect depends on the polarized Fig. 3 . Relationship between unit cell size and distance between FSSs on f PMC direction of the incident wave. The effect was obtained by sliding one side of the FSS in relation to the other in the same direction as the incident electric field. In addition, it was shown that the miniaturization effect of the unit cell size is affected by the distance between the FSSs. We clarified that the miniaturized unit cell is designed by setting the distance between the FSSs as short as possible. Consequently, the unit cell becomes smaller than half the size of the conventional singlelayered meta-surface when using a double-layered FSS.
